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I. Introduction  
Weak antilocalization effect arises from quantum interference between 
backscattered time-reversed trajectories of conduction carrier and results in a 
deviation (quantum correction) to the classical resistance. With the introduction of a 
perpendicular magnetic field, the time-reversal symmetry will be destroyed and the 
quantum correction from weak antilocalization effect will vanish. The resulting shape 
of magnetoresistance curve can reveal information about phase coherent time and 
spin-orbit scattering time. Thus weak antilocalization is a useful tool for the analysis 
of spin-orbit interaction in semiconductors. 
Narrow-band semiconductors such as InSb have narrow energy gap and strong 
spin-orbit interaction. They are a class of promising materials that can be used in 
spintronics.
1-3
 In the research of magnetoresistance, anisotropy is an interesting topic 
which can reveal information about roughness effect and the Zeeman effect. The 
anisotropy of weak field magnetoresistance can fall into two categories. The first 
category is the trivial case in which the magnetoresistance curves in tilted magnetic 
field collapse into those in perpendicular field. This kind of anisotropy has been 
widely observed in many systems. In the second category the magnetoresistance 
curves in tilted magnetic field don’t collapse into those in perpendicular field. This 
non-trivial anisotropy has been identified and systematically studied in quantum well 
systems,
4-7
 MOSFET
8
 and a few films.
9-11
 Two mechanisms have been proposed as 
possible explanations for this anisotropy. One is the random Berry phase induced by 
in-plane field–the roughness effect;4, 8 the other is a mixing of singlet and triplet 
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Cooperon due to Zeeman coupling—the Zeeman mechanism.4-7 There have been 
quite few researches concerning the anisotropy of magnetoresistance in thin films and 
the mostly anisotropy investigated is in pure weak localization effect. Some found 
that weak localization effect in perpendicular field is different from that in parallel 
field and in-plane field can even change the sign of weak field magnetoresistance. The 
Zeeman coupling is a possible mechanism in this anisotropy.
10, 11
 To our best 
knowledge, there have been no researches dedicated to non-trivial anisotropy in weak 
antilocalization effect in narrow-gap semiconductors. 
In this paper, we investigate weak antilocalization effect and analyze the data with 
the 2-dimensional (2D) weak antilocalization models. We also systematically 
investigate the anisotropy of weak field magnetoresistance. It is found that in-plane 
magnetic field can effectively suppress the weak antilocalization effect. We find that 
the Nyquist dephasing mechanism is the dominating dephasing mechanism and the 
roughness effect plays a key role in the anisotropy of intrinsic InSb film. The Zeeman 
effect is not important for this case. Our results show that the anisotropy investigated 
in our InSb sample is different from that discovered in some quantum wells and films, 
in which the Zeeman effect has a strong influence on anisotropy of weak field 
magnetoresistance.
4-7, 9-11
 
II. Sample fabrication and measuring system 
 The InSb film used here was grown on a semi-insulating GaAs <100> substrate 
in a RIBER 32 R&D molecular beam epitaxy (MBE) facility. The growth process was 
monitored with a Reflection High-Energy Electron Diffraction (RHEED) system. The 
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growth temperature was 390°C. The V-III flux ratio was kept approximately 2:1. The 
average growth rate was 10 nm/min. The thickness was 1 m. The conduction type 
was n-type, with the carrier concentration of ~10
22 
m
-3
 and the mobility of ~1.5 
m
2
V
-1
s
-1
 at 1.3~2.0 K according to the Hall measurement. Indium was soldered onto 
the InSb surface to facilitate Ohmic contacts. The magnetoresistance is measured 
under Van der Pauw configuration and the magnetic field is applied perpendicular to 
the film and then tilted. All measurements are performed in an Oxford Instruments 
4
He cryogenic system with the temperature ranges from 1.3 to 2.1 K. A package of 
Keithley sourcemeters is used to provide current and to measure magnetoresistance. 
III. Experimental results and discussions 
1. In perpendicular magnetic field 
 Weak localization effect with spin-orbit interaction has been observed in our 
InSb sample (see Fig. 1). The negative magnetoconductivity before the emerging of 
positive magnetoconductivity is a indication of strong spin-orbit interaction. 
Moreover, with the increase of temperature, we can see that the negative 
magnetoconductivity ‘cusp’ fades away gradually. This is because the depth of the 
‘cusp’ is proportional to / so   (   is the phase coherent time and so  is the 
spin-orbit scattering time), with the increase of temperature,   decreases and so  is 
basically temperature-independent.
12
 
There are two types of models concerning weak localization effect in films. One is 
the weak localization model in 2D system which is used by many research groups for 
the weak localization effect in semiconductor quantum wells and films.
12-14
 The other 
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type is the weak localization model in 3-dimensional (3D) system.
15-19
 The dimension 
for a system in which the phase coherent phenomena occurs depends on the relative 
magnitudes of the phase coherent length L D  (D is the diffusion constant) and 
the film thickness t. When L t  , the system should be regarded as a 2D system 
while L t  is regarded as a 3D system.
12, 20-22
 
The weak localization model in 2D regime has various versions. Here, we use the 
ILP (S. V. Iordanskii, Y. B. Lyanda-Geller, G. E. Pikus) model.
4, 14
 
For the ILP model,
4
 the weak localization correction to the Drude conductivity  
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where ( )x is the digamma function, C is the Euler constant,      is the Heaviside 
step function.
 
 
 The curve fitting results are shown in Fig. 1. All fitted curves show that  , so  
consistently agree with previous research results reported
9, 12
in magnitude (   ranges 
from 10
-12–10-10 s and 128.7 10so
   s). And   is self-consistently found to give 
rise to L  (0.5 m), comparable to t (1 m). This justifies the application of 2D 
models. In contrast, fitting the data with 3D model (like revised Kawabata model
15
) 
gives rise to L  (0.7 m) ~t (1 m), contradicting with the prerequisite of 3D model 
( L t ).
15, 23
 This concludes that the relatively large L  makes our InSb film 
having an obvious 2D nature. 
From the relation between   and T, we can get the information about the 
decoherence mechanism in InSb thin film. Generally speaking,  
p
, and p=1 or 
p=3 are corresponding to the Nyquist decoherence mechanism
12
 or the 
electron-phonon interaction decoherence mechanism, respectively.
24, 25  For our data, 
the best fit is obtained for p=1, corresponding to the Nyquist decoherence mechanism 
as shown in Fig.2. The result agrees with those reported in a recent publication.
12 
 The Nyquist decoherence mechanism
12
 predicts a linear relation between φ and 
T
-1
: 
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 With   obtained from the ILP model, after fitting   ~ T
-1
 curve with linear 
equation, (see Fig.2), we have a dephasing time (
100.3 10 s) different the theory 
value (
101.87 10  s) obtained from equation (6). The discrepancy between the 
experimental value and theoretical value is acceptable, since it is within the 
measurement uncertainty. Such a discrepancy also exists in previous research results 
for ranges from a half to orders of magnitude.
12, 26 
 
so  is basically temperature-independent (
128.7 10so
   s). This result is quite 
reasonable because there are two kinds of spin-orbit scattering mechanisms: the 
D
’
yakonov-Perel (DP) mechanism and the Elliott-Yafet (EY) mechanism, determining 
spin decoherence in n-type InSb. Both of them can lead to temperature-independent 
so . 
According to so  obtained from above analysis, we can evaluate 0.4soL m   
( soL  is the spin coherent length), close to value(~1 m ) reported in previous study.
12
 
This is a considerably long length and can be readily achieved with modern 
techniques, allowing fabrication of devices based on spin-coherent phenomena. 
2. In tilted magnetic field 
Investigating magnetoresistance in tilted field can reveal much information about 
the dimension and the anisotropy of magnetoresistance. The anisotropy of weak 
antilocalization effect has been predicted
27
 and observed
4-7 
in quantum wells. The 
anisotropy has been systematically investigated in InGaAs and GaAlN quantum 
wells.
4-7
 To our best knowledge, it has not been studied in details in narrow-band 
semiconductor thin film systems. Here, we investigate this phenomenon in details.  
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We can see from Fig. 3(a) that the weak antilocalization effect (the cusp-like 
negative magnetoconductivity part of the magnetoconductivity curve) is suppressed in 
tilted magnetic field. The magnetoconductivity curve doesn’t collapse into the curve 
corresponding to the case in which the perpendicular-field is applied when B is 
replaced by B⊥, thus the anisotropy is nontrivial. This effect has been widely 
observed in previous experiments concerning weak field magnetoresistance of 
quantum well systems.
4-7
 
The anisotropy is a strong evidence of 2D nature of the system. The basic physics 
behind this phenomenon is that the in-plane field can lead to the suppression of weak 
antilocalization effect through the Zeeman effect and roughness effect.
4, 6
 We fit our 
data with the models proposed in Ref. 4 that investigated the suppression of weak 
antilocalization of InGaAs quantum well in a tilted magnetic field.  
According to Ref. 4, the magnetoconductivity of 2DEG in a tilted field can be 
expressed as: 
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2
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momentum scattering time and diffusion constant, respectively. They are determined 
from the Hall measurement and the resistivity at B=0. 
( )sF b  is the triplet contribution, corresponding to scattered electrons who have the 
total momentum equal to one. ( , )t sF b b  is the singlet contribution, corresponding to 
scattered electrons which have the total momentum of zero. They are given by 
                                                         
 
 
 
Here ( )S x and na  are given by 
 
 
where ( )x is the digamma function, C is the Euler constant,      is the Heaviside 
step function.  
Generally speaking, fitting data with Eq. (7) is a surface fitting problem. In our 
experiment, B∥= B⊥tanθ, θ is the angle between the direction of magnetic field and 
the direction perpendicular to the film, so it can be simplified into a curve fitting 
problem.   
 
The fitting results corresponding to Fig. 3(b) are for g=-51; d
2
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-21
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3
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s, 
127.9 10  s respectively), and the little discrepancy between  , so  obtained in 
tilted magnetic field and those in perpendicular field may be due to that the film is not 
an exact two-dimensional system though it has quasi-two-dimensionality.  
Further investigation shows that the anisotropy of magnetoresistance is not 
sensitive to the Zeeman effect and the roughness effect is more important if we 
neglect the s  term or fix g at a slightly different value in equation (7). The fitting 
result is still good and shows the same d
2
L,  , so . However, if we neglect the 
roughness term in equation (7), the fitting result is poor. This is different from 
researches concerning anisotropic magnetoresistance in quantum wells, where the 
Zeeman effect plays an important role.   
According to Mathur and Baranger’s work,8 the mechanism for the influence of 
roughness on magnetoresistance is due to microroughness. The in-plane uniform 
magnetic field is then equivalent to a random perpendicular magnetic field due to the 
microroughness. This equivalent perpendicular magnetic field results in a random 
Berry phase in electrons when they are bounced around in closed paths and contribute 
to the vanish of weak antilocalization by increasing the dephasing rate. In our InSb 
film, the roughness should come from the misfit of the interface between InSb film 
and GaAs substrate and the film surface fluctuation.  
Aside from the roughness effect, in-plane field can also influence the 
magnetoresistance through the Zeeman coupling. The Zeeman coupling can increase 
dephasing rate in the singlet contribution of equation (7). The strength of this effect 
depends on the total magnitude of magnetic field. Thus this effect is only noticeable 
11 
 
when the applied field is strong enough.
4, 27
 In Ref. 4, the influence of the roughness 
effect and the Zeeman effect are incorporated in r  and s , shown in equation (7). 
For r  and s , which one is dominant depends on its relative magnitude when 
compared with Bφ. There are three regimes: the first regime is that B∥ is very small 
and neither r nor s  gains importance; the second regime is that B∥ is large 
enough to make the larger one in r  and s gains prominence; the third regime is 
that B∥ is quite large to make both r  and s come into significance.  
In our experiment, 0.5B   mT, maxr ~0.1 mT, maxs  ~0.001 mT, s is 
negligible thus the Zeeman effect doesn’t come into significance and our sample is in 
the second regime as mentioned above. As a comparison, Minkov group’s research 
concerns anisotropic magnetoresistance in InGaAs quantum well system,
4
 for 
0.2B   mT, maxr ~0.2 mT, maxs  ~0.2 mT. Both r  and s are comparable with 
Bφ thus both the roughness effect and the Zeeman effect influence the anisotropy of 
magnetoresistance and their experiment is in the third regime as mentioned above. 
This is because the quite strong magnetic field they applied ( 0.5totB B T  ) and the 
intrinsic property of InGaAs material that makes r  and s  have approximately 
the same magnitude. As a contrast, in our experiment, Btot ~1 mT, thus the Zeeman 
effect is completely ignorable. Obviously, in order to make the Zeeman effect having 
noticeable influence on the anisotropy of magnetoresistance in our InSb sample, we 
have to increase the in-plane magnetic field while keeping the magnetoreistance curve 
in the weak localization regime. More specifically, in order to make the Zeeman effect 
come into significance when the weak localization effect happens in our sample, we 
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have to put the in-plane magnetic field at the magnitude of ~0.1T that renders a 
Zeeman term comparable to B  when the magnetoresistance curve is at the weak 
localization region ( B  is kept at the magnitude of mT). This is impossible for our 
experimental setup. Because in our setup B  and B  are at the same magnitude due 
to tanB B  . In order to put the in-plane magnetic field at the magnitude (~0.1T) 
that renders a Zeeman term comparable to B when the magnetoresistance curve is at 
the weak localization region, we have to control B  and B  independently, just as 
some researches concerning anisotropy of quantum-wells do.
4
 The potential of 
investigating the Zeeman effect in the anisotropy of magnetoresistance is the main 
advantage of the setup that can control B  and B  separately.  
We notice that the importance of roughness is also qualitatively explained in 
Ishida group’s research results.9 This observation is consistent with our results. We 
also notice that the similar anisotropy has also been studied by Nitta group.
5, 7
 They 
use a model that only considers the Zeeman effect and conclude that the anisotropy is 
caused by the time-reversal symmetry broken induced by the Zeeman coupling. 
Fitting our data with this model gives poor results. This also implies that the model 
from Ref. 4 is much better and the roughness effect plays an important role when it 
comes to anisotropy of our sample. In terms of the relative influence of the Zeeman 
effect and roughness effect, we can say that in the research of Ref. 4, both the Zeeman 
effect and roughness effect come into significance. In the experiment of Ref. 5, the 
Zeeman effect dominates the anisotropy; and in our experiment, the roughness effect 
dominates the anisotropy, thus the relative importance of the Zeeman effect and 
13 
 
roughness effect influence the details of anisotropy. 
Ⅳ. Conclusions 
We investigated the weak antilocalization effect in InSb thin films and found 
quasi-two-dimensional features in our samples. By fitting the data with the ILP model, 
we conclude that the Nyquist mechanism is responsible for the decoherence in our 
samples. We also observed that the in-plane field can effectively suppress the weak 
antilocalization effect in InSb films, which is attributed to roughness effect.  
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Figure captions 
Figure 1. Comparisons of curve fitting results for different temperatures. All curves 
are vertically shifted for clarity. Blue circles are experimental data. Red curves are the 
fitting result using ILP model. 
Figure 2. Plots of   vs 1/T. Blue triangles are experimental data. The red line is a 
result of linear fitting. 
Figure 3. (a) Blue circles correspond to data obtained from tilted-field setup (the angle 
θ between the direction of magnetic field and the direction perpendicular to film is 
30°) at 1.5K. Green triangles are data obtained from perpendicular-field setup (the 
angle θ between the direction of magnetic field and the direction perpendicular to film 
is 0°) at 1.5K. The red curve is a fitting result with ILP model (equation (3)). (b) Blue 
circles correspond to data obtained from tilted magnetic field setup with θ=30°. Green 
triangles are data obtained from perpendicular-field setup (the angle θ between the 
direction of magnetic field and the direction perpendicular to film is 0°) at 1.5K. The 
red curve is a fitting result with equation (7).  
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